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Numerous experimental approaches have been applied to test these hypotheses in humans. These include:
1) Manipulation of the rate of increase in O 2 supply.
2)
Comparison of cardiac output kinetics and muscle blood flow kinetics with alveolar O 2 uptake (V O 2 ) kinetics.
3) Measurement and comparison of the time constant of changes in potential metabolic controllers with the time constant of V O 2 and Q O 2 .
Evidence for the two hypotheses is presented, and important limitations of these experimental and theoretical approaches are clarified. We then review evidence for the independent and interactive effects of cellular metabolic state (redox and phosphorylation potential), enzyme activation, and critical levels of O 2 tension in determining cellular respiration. These are then put into the context of the linear, first-order model of respiratory control (41, 71, 74) . This model provides a basis for testing the on-transient characteristics of respiratory control and determining the contribution of P mito O 2 as a modulator of mitochondrial respiration. It is proposed that metabolic controllers and O 2 availability likely interact to determine Q O 2 kinetics across a wide range of exercise modalities. The adaptation of aerobic metabolism should be viewed as resulting from the integration of factors that determine the rate of adaptation of the cellular metabolic state, enzyme activation, and mitochondrial O 2 supply rather than from the mutually exclusive control by O 2 utilization mechanisms or modulation by O 2 delivery.
Evidence for Utilization and Transport Limitations to Q O 2 Kinetics
Early measurements of O 2 uptake by Krogh and Lindhard (65) in 1913 indicated an initial rapid adaptation, followed by a continued increase over the next 2-3 min. Berg (10) , Henry (41) , and Henry and De Moor (42) were among the first to provide quantitative descriptions of the response and observed that the time course of change was generally similar between the adaptation to and the recovery from exercise. Cerretelli and colleagues (16) introduced the term ''early blood lactate'' to denote the obligatory lactate production associated with a slow V O 2 on-response. This concept supports the notion that there is a primary inadequacy of aerobic metabolism to meet the ATP demand at the onset of exercise. Either an O 2 transport inertia or a metabolic inertia could account for these findings.
Altered O 2 transport. In humans, alterations in the content and PO 2 of the arterial blood or the blood flow adaptation have been used to test the hypothesis of an O 2 transport limitation to Q O 2 kinetics. Obviously, to support an O 2 transport limitation it would be necessary to show that increased O 2 delivery accelerated Q O 2 kinetics, compared with the ''normal'' condition. However, it must be recognized that what constitutes the control or ''normal'' exercise condition is open to debate. Whether Q O 2 kinetics are accelerated with increases in O 2 transport depends on the exercise condition chosen as the control condition. When sea-level (ϳ21% inspired O 2 ), upright cycling exercise is defined as the normal exercising condition, then hypoxia (10-14% inspired O 2 is commonly used) slows the V O 2 kinetic response (an estimate of Q O 2 ) during cycling exercise (68, 77) , whereas hyperoxia (Ն60% inspired O 2 ) accelerates the V O 2 kinetic response during cycling exercise only at work rates above the ventilatory threshold (T vent ) but not below (57, 68, 69) . Similarly, impairment of cardiac output adaptation via ␤-blockade (52, 56) and light-to-moderate exercise transition vs. rest-to-light or -moderate exercise transition (24, 58) , or reduction of the local arterial perfusion pressure via supine exercise (54, 70) have all resulted in slower V O 2 kinetics. In contrast, attempted impairment of muscle blood flow with lower body positive pressure during semi-upright cycling failed to slow V O 2 kinetics (99), whereas slightly faster cardiac output kinetics in heart-transplant patients obtained by a preceding exercise bout did not speed up the V O 2 kinetics (37) . Although this evidence suggests that the adjustment of Q O 2 can often be impaired with reductions in O 2 transport, there is little evidence to suggest that Q O 2 kinetics can be accelerated, except perhaps at work rates above T vent . This evidence might lead to the conclusion that O 2 transport is not limiting under normal exercise conditions (99) . However, this does not preclude a role for an O 2 transport limitation under a number of common exercise conditions such as exercise at altitude, athletic activities in which the exercising muscles are not well below heart level, and activities in which the duration of contractions significantly reduced the time allowed for muscle perfusion to occur (e.g., rowing, downhill skiing). If a different exercise mode is used as the control condition, then acceleration of Q O 2 kinetics relative to the normal condition can be achieved by improving O 2 delivery. Lower body negative pressure applied during supine cycling accelerates V O 2 kinetics (54), as does leg occlusion added during arm exercise (55) , prior heavy exercise (upright cycling exercise is the normal condition here) (34) , and improvement of the rate of blood flow adaptation in exercising forearm muscles by positioning the arm below heart level compared with above (60) .
All of these studies have inherent limitations in their measurement of actual Q O 2 uptake kinetics. Typically, cycling exercise Q O 2 kinetics are estimated from V O 2 (i.e., alveolar O 2 uptake). The V O 2 response is biphasic, with an early increase influenced predominantly by increased pulmonary blood flow and a second phase to steady-state levels additionally influenced by O 2 -depleted venous blood from the exercising muscle [see Whipp and Ward (98) for review]. Modeling of V O 2 and Q O 2 kinetics during exercise transients (7, 8) and observations of equivalence between phosphocreatine (PCr) kinetics and the time constant of the phase-two V O 2 response (4, 13) suggest that this second phase closely represents the dynamics of Q O 2 across a variety of exercise intensities. Because the second phase is thought to represent the arrival of the O 2 -depleted blood from the exercising muscle (98) When Q O 2 is estimated by using the Fick principle across the vascular bed of a muscle during voluntary exercise, certain limitations must also be recognized. With in situ animal preparations (46) , it is possible to isolate the vascular supply and return of the exercising muscle and to ensure activation of all muscle fibers by electrical stimulation. In contrast, for studies of voluntary submaximal exercise in humans, the venous effluent at in vivo venous sampling sites will invariably be a mixture of blood from both exercising and nonexercising tissues because of the heterogeneous nature of motor unit recruitment (95) and vascular supply (10, 87) . Therefore, any differences in the relative contribution of nonworking and working muscle venous effluent during different phases of the dynamic adaptation to exercise could introduce error in the estimate of exercising muscle fiber arteriovenous O 2 difference [(a-v)DO 2 ].
In their study of blood flow and leg O 2 uptake kinetics with upright cycling exercise, Grassi et al. (38) interpreted the transient increase in venous O 2 content in the first 0-15 s and the subsequent minimal change in calculated leg V O 2 to indicate that O 2 delivery was in excess of O 2 demand in the initial 15 s of exercise. However, they also acknowledged the potential effect of blood flow heterogeneity in determining the mixed venous O 2 content. One contributor to such an effect might be the potentially disproportionate effect of the muscle pump on blood flow distribution initially vs. later in exercise, which may have been a factor in their results. Activation of the muscle pump at exercise onset would serve to increase flow through capillaries adjacent to both active and inactive fibers. Depending on the amount of active muscle mass and the effect on intramuscular pressure of the contractions, early venous effluent may, to a large degree, come from elevated flow past nonactive fibers and, therefore, result in the observation of a transient reduction or lack of increase in (a-v)DO 2 measured at a site draining the exercising limb. As exercise progresses, an increase in metabolic vasodilation occurs, effectively ''stealing'' flow from adjacent capillary modules that are not dilated (10, 87) as part of a feedback regulation. The contribution of venous effluent from venules draining active fibers would be expected to predominate as exercise continues and the measured components of the Fick principle (total limb blood flow and venous effluent O 2 content) would be more accurately related to muscle O 2 consumption. Indeed, examination of the data from the study of Grassi et al. (38) and Hughson et al. (60) suggests that such an effect is likely. During upright cycling (38) or forearm exercise below heart level (60) , where a hydrostatic column on the venous side exists and a muscle pump effect can be observed (29, 93) , there is virtually no increase in (a-v)DO 2 in the initial 10-15 s of exercise. However, when forearm exercise is performed above heart level, where no muscle pump effect occurs (93) , (a-v)DO 2 is elevated by 10 s of exercise (60) .
An additional concern might be the time delay between the site of O 2 extraction and the venous sample site. This delay will vary with blood flow (28, 38) and might pose a problem in determining the temporally appropriate flow for a given measure of O 2 extraction. This problem has been partially addressed by Grassi et al. (38) , who estimated the venous volume between active muscle and venous sample site and determined that the transit delay in their experiments would be Ͻ2.5 s. Hughson et al. (60) performed Fick principle calculations of estimated Q O 2 kinetics using a 10-s delay between the time of measured arterial inflow and venous blood sampling and found no effect on the (17, 22) . Subsequent estimates of cardiac output kinetics in similar exercise conditions confirmed this (23, 27, 105) . The kinetics of bulk muscle blood flow are often (27, 70, 79, 90) faster. However, it has been observed by some that blood flow during the second phase of adjustment closely matches the metabolic adaptation (38) . These results have been interpreted to indicate that bulk O 2 delivery to the exercising muscle is adequate at the onset of exercise to meet the O 2 demands of the muscle, since O 2 transport appears to reach a steady state before O 2 consumption.
However, results obtained when the rate of adaptation of bulk muscle blood flow was altered suggest that bulk O 2 transport may not properly represent O 2 transport to active muscle fiber mitochondria. When the forearm was being exercised above heart level (60) or leg-kicking exercise was performed with the subjects in the supine position (70), blood flow kinetics were consistently faster than V O 2 kinetics. When the arm (moved from above to below heart) or the legs (moved from supine to upright posture) were then provided with a larger local pressure gradient, which accelerated blood flow kinetics, there was an accompanying acceleration of V O 2 kinetics (Fig. 1) . Similarly, a faster increase in leg blood flow after 9 days of exercise training was associated with faster V O 2 kinetics (90). In each case, the blood flow response was faster than the accompanying V O 2 response, regardless of arm or leg position. These data indicate a sensitivity of Q O 2 kinetics to the adaptation of blood flow under these exercise conditions and suggest that the proportion of bulk muscle blood flow going to working and nonworking fibers within the muscle might adjust differently than the total bulk flow. Such an effect might be anticipated given 1) that blood flow through the muscle is determined by the combined effect of the mechanical muscle pump and vasodilation (66, 88, 93) , 2) the spatially uncorrelated structure of motor units and vascular units (62) , and 3) the heterogeneous and time-varying nature of motor unit recruitment (95) . Thus, to achieve appropriate matching of flow to demand, local feedback regulation is required to reduce flow to overperfused and to increase flow to underperfused vascular units.
Evidence from the comparison of the adaptation of heart rate in submaximal rest-to-exercise vs. exerciseto-exercise transitions indicates a similar impact of central circulatory adaptation on the time course of V O 2 kinetics. Hughson and Morrissey (59) observed that heart rate kinetics (and, therefore, presumably cardiac output kinetics) were markedly faster in a transition from rest to 40 or 80% T vent , compared with a transition from 40% T vent to 80% T vent , and were accompanied by faster V O 2 kinetics. The slower heart rate adaptation from prior exercise is consistent with slower acting sympathetic heart rate control predominating at heart rates Ͼ100 beats/min (84) .
PCr and V O 2 kinetics. Since the initial experiments of Mahler (71, 72) in frog sartorius muscle, similarities between PCr kinetics and V O 2 or Q O 2 kinetics have repeatedly been demonstrated in both animal and human models across a range of work rates (4, 5, 12, 13, 73) . This reflects what is believed to be the first-order nature of respiratory control (41, 72, 74, 75) . These data have been interpreted as evidence that metabolic controllers determine the rate of adaptation of O 2 consumption (74, 97) . In addition, Q O 2 during the transition from rest to exercise in electrically stimulated dog muscle can be adequately described as the result of changes in phosphorylation potential and redox potential (20) . Interpreting these observations to mean that the kinetic response of these metabolites controls the increase in oxidative phosphorylation may be valid under conditions where O 2 is present in saturating amounts, but they do not confirm that O 2 supply is adequate. Analysis by Binzoni and colleagues (12) has shown that, at moderate exercise levels where little glycolytic contribution to ATP production occurs during the exercise onset, the kinetics of PCr will mirror those of Q O 2 . This is because the net ATP demand is met by aerobic and PCr sources, and as aerobic supply of ATP increases exponentially the net breakdown of PCr decreases proportionally. It can be shown mathematically that, under conditions of no glycolytic contribution to ATP production, the time constant of PCr breakdown will always be equivalent to that of aerobic metabolism, regardless of whether PCr is acting as a primary controller of mitochondrial respiration or a buffer of ATP levels ( Fig. 2) . This means that, if the adaptation of aerobic metabolism was being limited by inadequate O 2 availability, the similarity in PCr and Q O 2 kinetics could simply be caused by the need for PCr depletion to compensate for the greater O 2 deficit in the face of minimal contribution by anaerobic glycolysis.
A linear relationship between PCr depletion and steady-state levels of Q O 2 in normoxia was first observed by di Prampero and Margaria (25) . Subsequent studies have confirmed this relationship (71, 74, 75) . It implicates phosphorylation potential in the determination of cellular respiration rate. However, observation of different levels of PCr for the same Q O 2 or V O 2 under different arterial oxygenation conditions (40, 46, 49, 50) indicates that O 2 can exert a modulatory effect on the level of metabolic controllers required to achieve, or associated with, a given rate of mitochondrial respiration. Such a model has been proposed by Arthur and colleagues (1) . If this is the case for steady-state exercise, then it is likely to also apply during the non-steady state, since the cytochrome-c oxidase reaction is a function of the combined drive of the phosphorylation potential, the redox potential, H ϩ concentration, and the PO 2 (101, 102) . An important implication of this, which is discussed in detail below (P mito O 2 ), is that the level of proposed metabolic controllers does not have to change as much to achieve the same rate of ATP production by oxidative phosphorylation when more O 2 is made available.
Determinants of Q O 2 Kinetics: Cellular Metabolic State, Enzyme Activation, and P mito O 2
Limitations of experimental and theoretical approaches have contributed to the scope of conflicting evidence in this field. If Q O 2 kinetics truly were limited only by intrinsic metabolic inertia or extrinsic O 2 transport inertia in a mutually exclusive manner, it is unlikely that such a degree of conflict would exist. Therefore, we must try to understand how metabolic controllers and mitochondrial O 2 supply interact to determine mitochondrial respiration at any given instant during exercise. This research has dealt almost exclusively with steady-state levels of O 2 consumption. Nevertheless, the principles governing control of steadystate mitochondrial respiration can be applied to the non-steady state for reasons mentioned previously.
The overall reaction of oxidative phosphorylation is
Oxidation of fuels in the TCA cycle provides reducing equivalents (NADH, FADH: ''electron donors'') for the electron transport chain (ETC for the large changes in ATP turnover achieved in skeletal muscle when going from rest to exercise. This is because regulation processes based on MichaelisMenten kinetics require that the kinetic order cannot exceed 1, which means that the percent increase in the rate of ATP production cannot exceed the percent change in substrate concentration driving the reaction (45) . Therefore, other mechanisms have been proposed as regulators of mitochondrial respiration. The following are likely most important in determining its rate of adaptation.
Cellular metabolic state. Thermodynamic (4, 20, 74, 75) models of respiratory control predict that mitochondrial redox potential, reflecting the degree of cytochrome-c reduction (21, 102) , and phosphorylation po- (4, 20, 21, 102) determine respiratory rate such that it is not the absolute concentrations of substrates but rather the ratio of substrate to product which is the determining factor (75) . For the same Q O 2 , these ratios can vary considerably, depending on which substrates are providing acetyl CoA to the TCA cycle (30) . In addition, if either redox or phosphorylation potential is fixed under saturating O 2 conditions, the mitochondrial respiration rate is strongly dependent on the other (102) . Finally, when cellular O 2 tension is altered, both redox and phosphorylation potential change, and it has been proposed that this is a compensatory response that provides a means of maintaining Q O 2 when O 2 availability is reduced (2, 21) . This evidence implicates cellular metabolic state as a contributor to mitochondrial respiratory rate but not as the sole determinant. Rather, cellular metabolic state must interact with other factors controlling or modulating mitochondrial respiration, the most predominant of which appears to be the O 2 tension (2, 46, 49, 50) .
Latent mitochondrial enzyme activation. Pyruvate dehydrogenase (PDH) is a highly regulated enzyme. Its regulation determines the availability of substrate for the TCA cycle and, subsequently, the ETC. Increases in mitochondrial Ca 2ϩ concentration ([Ca 2ϩ ]) result in the conversion of PDH to its active form (39, 78) . TCA cycle enzymes isocitrate dehydrogenase and 2-oxoglutarate dehydrogenase are also regulated by Ca 2ϩ (15) . Changes in cytosolic and mitochondrial Ca 2ϩ levels at the micromolar level could, therefore, determine the rate of supply of reducing equivalents to the ETC and the resultant level of reduction of cytochrome-c, which has been shown to influence mitochondrial respiration rate (76, 102) . Timmons et al. (92) have shown that activation of PDH via dichloroacetate before the onset of heavy exercise in humans substantially elevated acetylcarnitine concentrations and that, at 3 min of exercise, PCr depletion and muscle lactate accumulation were clearly reduced, suggesting an improvement in the rate of adaptation of oxidative phosphorylation under the specific exercise conditions of their study (i.e., heavy exercise). This research group has also recently examined the effects of PDH activation at the onset of ϳ45% peak work rate, single-leg, knee-extension exercise (91). Timmons et al. found a fivefold increase in acetylcarnitine at rest that appeared to be mechanistically linked to the reduction in PCr utilization during the 8-min exercise bout. However, there was no significant effect on intramuscular lactate concentration. These data suggest that under a given set of conditions supply of more substrate for oxidative phosphorylation can reduce reliance on muscle high-energy phosphate stores. It is not known what effect increases or decreases in O 2 availability might have under these altered intracellular conditions. Brown (13) has reviewed data showing that inhibited mitochondrial ATP synthase can be activated by Ca 2ϩ binding of an inhibitory protein at ϳ1 µM [Ca 2ϩ ]. Therefore, the net flux of Ca 2ϩ into the mitochondria would establish the magnitude of the signal for activation of PDH, TCA cycle enzymes, and ATP synthases. The mitochondrial matrix [Ca 2ϩ ] is determined by the net activity of independent uptake and release pathways (15) . These mechanisms might therefore play an important role in determining the rate of increase in oxidative phosphorylation. Whereas measurements of mitochondrial [Ca 2ϩ ] during the on-transient of exercise are at present not possible, they constitute an important focus for future research once adequate techniques can be developed.
The role of such an activation of a latent mitochondrial enzyme pool (44) in contributing to the adaptation of respiration rate has been suggested by Hochachka (43) to explain the large increases in O 2 consumption attainable with apparently inadequate changes in substrates such as ADP. He has proposed that the upregulation of a latent enzyme pool is the principal determinant of ATP turnover, whereas redox and phosphorylation potential likely serve to fine-tune the mitochondrial respiration rate in vivo.
P mito O 2 . In isolated, respiring mitochondria under optimal conditions, the Michaelis constant (K m ) for O 2 (PO 2 at half maximal respiration) was found to be ϳ0.03-0.1 Torr in the early work of Chance and Williams (17) , although these authors also suggested that this K m appeared to change with metabolic rate. This definition of the critical level for maximal respiration rate has been used by some investigators as a criterion for determining whether an O 2 limitation to mitochondrial respiration exists at the onset of exercise (20, 32, 33) . However, it must be noted that redox potential and phosphorylation state are altered at much higher cellular PO 2 levels in intact exercising muscle (21, Given that there is a range of P mito O 2 across which cellular metabolic state is modulated to varying degrees and that the K m for P mito O 2 varies with exercise intensity, what constitutes ''saturating'' levels of O 2 at the onset of exercise cannot be clearly defined for all conditions and all time points during the adaptation of mitochondrial respiration to a new steady state. However, the evidence cited (102) would suggest that a cellular PO 2 of 30 Torr already requires compensatory changes in phosphorylation and redox potential to maintain mitochondrial respiration rate. Recently, Richardson et al. (81) , using proton magnetic resonance spectroscopy to detect myoglobin saturation in the quadriceps muscle during supine knee-extension exercise, have observed a rapid (within 20 s) desaturation of myoglobin to levels representing a 3.5-Torr cellular PO 2 in a rest to 25% maximal work rate transition. This value actually represents an average for all the fibers in the sample site. Because not all muscle fibers would be expected to be active at 25% of maximal exercise (95) , it is likely that many contracting fibers have an even greater myoglobin desaturation. Even in isolated dog muscle preparations, P mito O 2 as low as 2.5 Torr have been observed 30 s into the onset of exercise (see Fig. 4 (85) , and improvements in one or both would, therefore, be expected to elevate intracellular PO 2 at a given rate of mitochondrial O 2 consumption (82) . A detailed discussion of specific regulatory mechanisms linking the adaptation of blood flow with metabolism is beyond the scope of this review, but the reader is referred to two excellent recent reviews by Saltin et al. (86) and Delp and Laughlin (23) . Blood flow to exercising muscle will be determined by factors affecting the local arteriovenous pressure gradient (cardiac output, total peripheral resistance, and the local contribution of the muscle pump) and vascular conductance (local vasodilatory and vasoconstrictor influences) (88, 93) . The change in blood flow in the exercising muscle is biphasic (60, 89, 90) , with a rapid initial response due to the combination of vasodilation and the muscle pump, followed by a second slower vasodilation phase beginning after 15-20 s that is likely to be predominantly feedback controlled (89) . A secondary mechanical influence on vascular conductance is the intermittent compression of the muscle vasculature by contraction. Even mild contraction (10% maximal vasculatory contraction) results in severe impairment of blood flow compared with relaxation (63). Thus bulk muscle blood flow for a given vascular conductance will also be dependent on the duty cycle of muscle contractions (83) . However, the magnitude of contraction interference with blood flow may vary between muscles because of muscle structure (pennate vs. fusiform fiber alignment), fiber type composition, and location of the muscle relative to other muscle groups (67) .
A reduction in the affinity of O 2 for Hb [right shift of the Hb-O 2 dissociation curve, increased PO 2 at 50% of Hb saturation (P 50 ) (Fig. 4) ], as it occurs progressively with exercise because of increased local CO 2 , H ϩ , and temperature, will mean that O 2 dissociates from Hb more easily, increasing the PcO 2 and, subsequently, P mito O 2 . The O 2 transport and utilization model of Cochrane and Hughson (18) suggests that the timedependent shift of the Hb-O 2 curve might be critical in determining the release of O 2 at exercise onset. Additionally, Hogan and colleagues (47) have shown that maximal rates of O 2 consumption for in situ dog muscle are increased when Hb-O 2 affinity is decreased. The effect of altering the P 50 on intracellular PO 2 and Q O 2 kinetics has recently been investigated in situ by using a dog model (36) . These investigators observed that the additional effects of hyperoxic breathing and pharmacologically right shifting of the Hb-O 2 dissociation curve did not affect the rate of increase in O 2 consumption. However, these experiments were performed under conditions in which blood flow to the muscle before the http://jap.physiology.org/ onset of contractions was elevated to steady-state exercise level; i.e., there was already a substantial increase in PcO 2 . Investigations into an effect of Hb-O 2 affinity have yet to be performed in humans in whom the muscle begins to exercise under conditions of normal resting blood flow.
Changes in the diffusion capacity for O 2 from the red blood cell into the myocyte is a function of diffusion distances and surface area, both of which are dependent on capillary recruitment. In dog muscle, capillary recruitment is rapid and is essentially complete within 15 s, whereas bulk flow continues to increase for at least 2 min (51). Furthermore, during steady-state exercise, spatial blood flow heterogeneity exists (80). It is not presently possible to measure capillary recruitment in exercising humans, but, as evidence presented in Fig. 1 indicates, improvement in the distribution of blood flow does appear to play a role in the adaptation of O 2 delivery. Therefore, the following is at least a partial list of exercise conditions in which the blood flow adaptation to step increases in exercise intensity might result in P mito O 2 levels that require compensatory changes in redox or phosphorylation potential to achieve a given ATP supply via aerobic metabolism (48) during the on-transient.
1)
Exercise intensities where the adaptation of the heart rate and stroke volume components determining cardiac output are predominantly in the realm mediated by the slower acting sympathetic nervous system (SNS) and where SNS-mediated redistribution of blood flow via resting tissue vasoconstriction also plays a role. This is because the SNS is a slower acting effector of cardiovascular changes than is the parasympathetic nervous system, and, therefore, the slower rate of increase in determinants of arterial driving pressure (heart rate, stroke volume, total peripheral resistance) would be expected to result in a slower adaptation of blood flow.
2) Exercise in the supine position in which stroke volume does not change appreciably and, therefore, the rate of change in cardiac output is dependent entirely on heart rate. Adjustment in whole body blood flow distribution from rest to exercise also becomes important, since cardiac output is higher in the supine position and total peripheral resistance is lower, meaning that more blood will be going to nonexercising tissue at the onset of exercise.
3) Muscles exercising at or above heart level, where the local arterial pressure is lower and where no significant gain in local pressure gradient can be achieved by venous emptying on contraction.
4) Exercise in which relaxation time is limited, thereby reducing the time allowed for blood flow and necessitating a greater change in vascular conductance and arterial pressure in an attempt to attain adequate steady-state blood flow.
Interaction of cellular metabolic state, enzyme activation, and PO 2 . An intrinsic metabolic inertia implies that intracellular oxygenation is adequate throughout the phase of adjustment, but other substrates of oxidative phosphorylation limit rephosphorylation of ADP. The evidence that has been reviewed in this paper indicates that a given rate of mitochondrial respiration can be achieved by different interactions of cellular metabolic state (phosphorylation potential and redox potential), mitochondrial enzyme activation (PDH and, possibly, F1-ATP synthase), and P mito O 2 . This must hold true for all time points of exercise, such that the rate of mitochondrial respiration at any given time during the adaptation to a new ATP demand will be determined by the interaction of cellular metabolic state and mitochondrial enzyme activation with P mito O 2 , unless O 2 is available at concentrations above that at which compensatory adjustments in redox and phosphorylation potentials are necessary (2, 40, 102) . The implication of this for the initial adaptation phase of exercise is as follows: if a higher P mito O 2 were maintained during the ontransient of exercise, it would necessitate less of a change in cellular metabolic state to achieve a given rate of oxidative phosphorylation. Data in Fig. 5 from the recent work of Haseler and colleagues (40) are consistent with this effect. Figure 5 in the present review illustrates the predicted effects of hyperoxia and of an elevated blood flow on the metabolic compensations necessary to achieve a given rate of mitochondrial respiration. It suggests a smaller (and, therefore, more rapidly achieved) change in steady-state redox and phosphorylation potential when P mito O 2 is higher. This smaller change should occur in a shorter time, leading to a more rapid increase in mitochondrial respiration. The message is that an interaction of O 2 utilization (metabolic) and O 2 transport inertia can determine Q O 2 kinetics under a number of physiological conditions, where O 2 transport consists of the individual or combined effects of bulk O 2 transport, muscle blood flow distribution, and release of O 2 from Hb that determine P mito O 2 . It should be acknowledged here that, whereas metabolic compensations are observed to occur at PO 2 as high as 30 Torr in isolated cell suspensions (101) , the alterations are minor until PO 2 drops below the 7-12 Torr range. At this point, the degree of metabolic http://jap.physiology.org/ compensation required for a given drop in PO 2 becomes increasingly larger. It may be that an effect on Q O 2 kinetics measurable with current techniques requires a PO 2 well below that at which alterations in phosphorylation and redox potential are already observable. Nevertheless, the data of Haseler et al. (40) and Richardson et al. (81) suggest that such a PO 2 can occur in normoxic human exercise, indicating the importance of considering the role of O 2 in determining the metabolic response at the onset of exercise.
As reviewed by Hochachka (43) , in the flight muscle of locusts where intracellular O 2 supply is tracheole mediated rather than constrained by circulatory adjustments, the square-wave change in ATP demand is met by a square-wave adaptation of mitochondrial respiration. In human heart muscle, where cellular PO 2 does not appear to drop over a range of work intensities, neither phosphorylation potential nor redox potential change in response to a threefold increase in mitochondrial respiration (62, 64) . This suggests that there was virtually no need for PCr contribution to ATP supply when the work rate of the heart was suddenly elevated and that mitochondrial respiration adapted almost instantaneously. However, estimates of mitochondrial O 2 consumption at the onset of a square-wave increase in heart work rate by van Beek et al. (94) indicate a slight delay (time constant ϳ7 s). In human skeletal muscle, it is likely that such a square-wave response of mitochondrial respiration cannot occur even under saturating levels of O 2 (57, 69, 99) . Rather, under these conditions, there is only a metabolic inertia, whereby adequate changes in cellular metabolic state and mitochondrial enzyme activation occur over time to adjust mitochondrial respiration rate. Although it has yet to be clearly determined in humans, work by Grassi and colleagues (35) may have identified the time constant of the metabolic inertia in electrically stimulated dog muscle at ϳ18-20 s in an experiment where steadystate exercise levels of perfusion were achieved before the initiation of muscle contractions, thereby eliminating any delay in O 2 delivery to the exercising muscle fibers.
Model predictions. The question to ask now is, How might these proposed controllers and modulators of mitochondrial respiration determine the characteristics of the adaptation of Q O 2 at the onset of exercise? The proposed linear, first-order control of mitochondrial respiration (41, 71, 74) and the modeling of Funk et al. (31) provide a basis for answering this question. Figure 6 summarizes the electrical analog for linear first-order respiratory control and describes the chemical equivalents proposed by Meyer (74) . This model predicts the following: 1) the observed response of Q O 2 and PCr to a step change in ATP demand is monoexponential in nature, with a time constant that is independent of work rate; 2) the time constant is a product of mitochondrial ''resistance'' (a function of the number and properties of the mitochondria) and the capacitance of the phosphate energy pool (total creatine); 3) the steady-state [PCr] is linearly related to Q O 2 , and the slope of this relationship depends on mitochondrial resistance; 4) if mitochondrial redox state is relatively more reduced, the Q O 2 vs. PCr slope will be unchanged, but the y-intercept will increase.
Within the context of this model, the phosphorylation potential assumes the role of communicator of ATP demand to the mitochondria and is, therefore, the main controller of mitochondrial respiration. Each of mitochondrial redox potential, mitochondrial enzyme activation, and P mito O 2 represents the characteristics of the mitochondrial machinery and are, therefore, best described as modulators of mitochondrial respiration. The degree of activation of PDH and TCA cycle dehydrogenases may determine one or both of mitochondrial redox potential and mitochondrial resistance (number of catalytically active mitochondria), whereas Ca 2ϩ activation of the mitochondrial ATP synthases would affect mitochondrial resistance. Based on the observation that P mito O 2 affects the slope of Q O 2 vs. PCr (2, 40, 46) and the time constant of Q O 2 in a number of conditions (52, 54, 56, 58, 60, 68, 77) , it appears to modulate mitochondrial respiration by its effect on mitochondrial resistance. This role for O 2 has not been previously considered within the context of the linear first-order model of respiration. Incorporation of redox potential, mitochondrial enzyme activation, and, particularly, P mito O 2 into this model of mitochondrial respiration allows for the following predictions concerning the effect of altering activation of PDH, TCA cycle hydrogenases and ATP synthases, and P mito O 2 in determining the characteristics of the on-transient Q O 2 and PCr responses to a step increase in work rate.
1) If the rate at which PDH and TCA cycle enzymes are activated at the onset of exercise plays a role in the rate of adaptation of O 2 uptake, then activation of these enzymes before the onset of exercise would be expected to increase the mitochondrial redox potential, such that a faster adaptation of both Q O 2 and PCr would be observed. Evidence of reduced depletion of PCr stores with dichloroacetate administration (91, 92) is consistent with this. However, a lack of improvement in the rate of O 2 uptake in exercise-to-exercise vs. rest-toexercise transitions (6, 9, 59 ) argues against such a role.
2) If Ca 2ϩ activation of ATP synthases plays a role at the onset of exercise, then it would be predicted that markedly increased mitochondrial Ca 2ϩ levels before the onset of exercise would accelerate the adaptation of Q O 2 and PCr.
3) If P mito O 2 is low enough to contribute to mitochondrial resistance during the adaptation to steady state under a given exercise condition, then an increase in the P mito O 2 should result in a a faster adaptation of Q O 2 and PCr. Based on the observations of Richardson et al. (81) , who show that P mito O 2 drops within 20 s to a stable plateau and that this plateau is similar across a range of work rates within a given arterial oxygenation state, the Q O 2 and PCr responses would still be expected to remain monoexponential in nature, in agreement with experimental evidence to date.
Summary and Conclusions
Investigations into a rate-limiting step for Q O 2 kinetics have tried to determine whether an intrinsic metabolic inertia or an extrinsic O 2 transport inertia is the limiting factor. Whether the evidence from a given experiment supported an intrinsic metabolic inertia or an extrinsic O 2 transport inertia depended on the nature of the experimental control condition. This is likely because different exercise conditions can impact O 2 delivery kinetics in dramatically different ways, whereas the mechanisms determining metabolic adjustments are likely more uniform across a wide variety of exercise conditions (e.g., supine vs. upright leg exercise). An exception to this may be prior exercise, which might alter the rate of adjustment of metabolic controllers, as suggested by data from Yoshida et al. (104) , and, perhaps, PDH activation level (91, 92) .
We propose that metabolic inertia and O 2 transport inertia likely interact to determine the adaptation of muscle aerobic metabolism at exercise onset under a number of common exercise conditions. Figure 3 identifies possible sites of limitation that need to be investigated. However, it must be recognized that experimental alterations to any one of the potential contributors to a limitation could result in compensatory adjustments in other contributors [e.g., manipulations in O 2 result in different states of phosphorylation and redox potential during the on-transient of exercise (40)]. Determination of mitochondrial Ca 2ϩ transients may be of key importance in furthering our understanding of the metabolic inertia limiting the adaptation of Q O 2 kinetics. Similarly, the in vivo matching of blood flow to sites of metabolic demand needs to be characterized under a number of different exercise conditions, and the resulting P mito O 2 across the population of active fibers needs to be quantified.
